Anisotropic Heisenberg Exchange in a 3-D Copper Compound by Datta, Sarmila & Pal, A K
Indum J. Phys. ISA  (4 ) , 4 6 7 -4 6 9  (2 0 0 1 )
U P
an intcrnationai journal
Anisotropic Heisenberg exchange in a 3-D copper compound
S a rm ila  D a lia  aild  A  K P al*
Department of Solid Slate Physics, Indian AisociaMon for the Cultivation of Science.
Kolkala-700 0^2, India
f
E-maii . sspakp<^ma|endra lucs.rcs in
Abstract : X-band EPR investigations on copper malonate dihydrate are earned out in the temperature range 3(K)K-77K Although two types ol 
Ciull) ions having square bipyramidal and square pyramidal coordinations »rc present in the crystal only a smgle-line spectrum having Lorcnt/.ian 
lincshapc is observed in ail directions of the crystal in the magnetic field range, ()-8(H)OOe employed m the experiment The linewidth varies in the 
T.mjjc S S  1170e. having maximum value along crystallographic ( axis To evaluate the various interactions responsible for anrsotropic linewidth in the 
prmupal crystallographic planes, the fitting of linewidth is done, following well known linewidth expression of Anderson and Weiss applicable for 3D 
KiaiMictic solids Additional contribution from hypcrfine interaction is also considered but the fitting is not at all satisfactory However, it has been 
sinnvii that introduction of anisotropic Heisenberg exchange (J) in the linewidth expression of the form 7 = cos" a  + 7, sin^Of (where 7^  and 7 are the 
ixJuingc parameters along a~ and r-directions respectively and a  is the angle between the applied magnetic fielil and a-direction) has provided 
L*\.client fitli .g of linewidth in (010) plane. Similar agreement in fitting linewidth anisotropy in (100) plane has been obtained using a similar 
cvpicssion of the anisotropic Heisenberg exchange From above fitting, it is also evident that the anisotropy in exchange is anomahmsly laigc 
.ompared to the value of average exchange It is proposed that the unusually large anisotropy in exchange has its origin in the exchange between 
KlaiiNciy closely placed equivalent and ineqiiivalent copper ions along the c-axis which is large compared to that along the other two principal crystal 
aVL’S (a. h)
KevMords . BPR, copper malonate dihydrate, 3D-magnetism 
I'ACS No. 76 30.-V
1. Introduction
n x is icn ce  o f  s e v e ra l c o p p e r  m a lo n a te  c o m p o u n d s  h a s  b e e n  
tcporicd by  se v e ra l g ro u p s  [1-41. C o p p e r  m a lo n a te  d ih y d ra te  (in  
l>ncf, C M D H ) b e lo n g  to  o r th o rh o m b ic  c la s s  h a v in g  sp a c e  g ro u p  
l^ hcn [5 ], T w o  ty p e s  o f  C u ( I I )  io n s  h a v in g  d if fe re n t  l ig a n d  
co o rd in a tio n s a re  p re s e n t. T h e  s tru c tu ra l p a ra m e te rs  an d  th e  
bond len g th s  a ro u n d  th e  tw o  ty p e s  o f  C u -a to m s  a rc  g iv e n  in 
fable 1 . A to m  C u ( l )  (F ig u re  1 ) a d o p ts  sq u a re  b ip y ra m id a l 
coord ination . T h e  b a se  o f  th e  c o o rd in a tio n  p o ly h e d ro n  is fo rm ed  
by four o x y g e n  a to m s  f ro m  tw o  m a lo n a te  io n s , w h ile  th e  tw o  
apicccs a re  fo rm e d  by  tw o  o x y g e n  a to m s  f ro m  w a te r  m o le c u le s , 
fbe fo u r b a sa l c o p p e r - o x y g e n  b o n d s  a re  o f  e q u a l m a g n itu d e , 
while the  a x ia l b o n d s  a re  lo n g e r . T h e  c o o rd in a tio n  a b o u t C u (2 )  
is sq u are  p y ra m id a l . H e re , th e  b a se  o f  th e  p y ra m id  is  fo n n e d  by  
three o x y g e n  a to m s  fro m  m a lo n a te  io n s  a n d  o n e  o x y g e n  a to m  
horn w a te r  m o le c u le s . T h e  a p e x  o f  th e  p y ra m id  is fo rm e d  by  o n e  
t)xygen a to m  fro m  a  m a lo n a te  io n . T h e  b o n d  le n g th s  fo n n in g  th e  
base o f  th e  p y ra m id  a re  n e a r ly  e q u a l , w h ile  th e  a x ia l b o n d  is  
longer. F ro m  s tru c tu re , it  is  a ls o  se e n  th a t  th e  tw o  k in d s  o f  Cu^*^ 
ions are  w eak ly  c o u p le d  th ro u g h  0 ( 1 1 ) an d  0 ( 1 1 0 ) lig an d  a to m s.
Corresponding Author
C u ( 1 )“C u (2 ) d is tan ce  b e in g  5 .7 8 A . M a g n e tic  su scep tib ilitie s  and  
e le c tro n  p a ra m a g n e tic  re so n a n c e  (E P R ) s tu d ie s  o f  the  p o w d e re d  
sa m p le  d e liv e r  c o n tra d ic to ry  re s u lts . M a g n e tic  su s c e p tib ili ty  
show s p e c u lia r  m a g n e tic  m o m e n t v a r ia tio n  in th e  8 0 -2 9 7 K  
te m p e ra tu re  ra n g e , th e  s u b s ta n c e  h a v in g  a n o m a lo u s  m a g n e tic  
m o m e n t a t 8 0 K , i.e. perC u^"^ ion  =  2.71 B o h r m a g n e to n  ( S f  
P o w d e r E P R  d e p ic ts  a  b ro a d  sp e c tru m  a t ro o m  te m p e ra tu re  (R T )
Figure 1. Cmirdination sphere of Cu(I) and Cu(2) sites in copper malonate 
dihydrate.
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w h ic h  tr a n s fo rm s  in to  tw o  a n is o tro p ic  s p e c tra  a t l iq u id  n itro g e n  
te m p e ra tu re  (L N T ).
W ith  a  v ie w  to  r e s o lv e  th e  a b o v e  a n o m a lo u s  s i tu a t io n  i.e. 
w h e th e r  C u (  1) a n d  C u (2 )  u n its  o f  'c o p p e r  d im e rs ' a rc  c o u p le d  o r  
in d e p e n d e n t fro m  th e  p o in t o f  v ie w  o f  m a g n e tic  e x c h a n g e , s in g le  
c ry s ta l  K PR  in v e s t ig a t io n s  a re  c a r r ie d  o u t a t X -b a n d  in  d if fe re n t 
c ry s ta l lo g ra p h ic  p la n e s  o f  th e  c ry s ta l  in  th e  te m p e ra tu re  ra n g e , 
RT-77K .
2. Experimental
T o a  s u s p e n s io n  o f  b a s ic  c o p p e r  (IJ ) c a rb o n a te  in  w a te r -b a th , 
m a lo n ic  a c id  is a d d e d  in  sm a ll  p o r t io n s  w ith  s t ir r in g , a llo w in g  
e f f e rv e s c e n c e  to  s u b s id e  b e tw e e n  s u b s e q u e n t a d d it io n s . T h is  
p r o c e s s  is  c o n t in u e d  u n ti l  20% o f  b a s ic  c o p p e r  c a r b o n a te  
r e m a in e d  u n rc a c te d . T h e  h o t re a c t io n  m ix tu re  is f i lte re d , a n d  th e  
n i t r a te  is a llo w e d  to  e v a p o ra te  a t ro o m  te m p e ra tu re , w h e n  b lu e  
c ry s ta ls  o f  th e  c o m p o u n d  a p p e a r . T h e y  a rc  f i lte re d  o ff , w a sh e d  
tw ic e  w ith  c o ld  w a te r  a n d  th e n  d r ie d  o v e r  fu se d  c a lc iu m  c h lo r id e
15).
E P R  d e r iv a tiv e  a b s o rp tio n  sp e c tra  a re  re c o rd e d  w ith  a  V arian  
X -b a n d  E - lin e  (E -1 0 9 )  c e n tu r y  s c r ie s  F :PR  s p e c tro m e te r  a t R T  
an d  L N T  in  (0 1 0 ) , (0 0 1 )  a n d  (1 0 0 )  p la n e s  o f  C M D H  c ry s ta l,
3. R esults an d  discussion
O n ly  a s in g le - l in e  s p e c tru m  h a v in g  L o re n tz ia n  lin e  sh a p e  is 
o b s e rv e d  in  a ll d i r e c t io n s  in  th e  m a g n e t ic  f ie ld  ra n g e  0 - 8 0 0 0 0 c  
e m p lo y e d  in  th e  e x p e r im e n t .  T h is  s ig n if ie s  th a t th e  e x c h a n g e  
in te ra c t io n  e x is t in g  b e tw e e n  n e a re s t  m a g n e tic a l ly  in e q u iv a ic n t  
C u ( l  1 0 ) io n s  in  th e  c ry s ta l  is o f  s u f f ic ie n t m a g n itu d e  to  a v e ra g e  
o u t th e  in d iv id u a l  s p e c t r a  d u e  to  th e s e  io n s  a t X -b a n d .
N o  d e te c ta b le  c h a n g e  c i th e r  in  g - f a c to r  o r  l in e  w id th  o r  
l in e s h a p e  h a s  b e e n  n o tic e d  in th e  te m p e ra tu re  ra n g e  R T -L N T .
A . g -v la u c s :
F ro m  m e a s u re m e n ts  in  (0 1 0 )  a n d  ( 1 (X)) p la n e s , th e  p r in c ip a l 
c ry s ta l l in e  g - f a c to rs ,  a n d  a rc  o b ta in e d , w h e re  
a rc  p r i n c ip a l  c r y s t a l l i n e  g - f a c l o r s  a lo n g  a, h a n d  c a x e s  
re s p e c tiv e ly . E P R  s ig n a ls  d u e  to  m a g n e tic a l ly  in e q u iv a ic n t Cu^ "*^  
c o m p le x e s  in  th e  u n it  c e l l  c a n  n o t  b e  r e s o lv e d ,  a n d  so  th e  
s im p l ify in g  a s s u m p tio n  o f  te t ra g o n a l  sy m m e try  o f  th e  lig a n d  
f ie ld  a ro u n d  e a c h  c o p p e r  ( I I )  io n  is  m a d e  to  d e r iv e  th e  p r in c ip a l 
io n ic  g - f a c to rs  (gy a n d  g j^ ) f ro m  c ry s ta l l in e  g - f a c to r s  w ith  th e  
h e lp  o f  th e  fo l lo w in g  re la t io n s  :
- 8 i ^  - d  n a ^ - p - ) ~ g h - g f  ( 0 ^  - y ^ )
( 1 ) 
(2)
a  =  a , + a , / 2 ;  y  =  y ,  + y , / 2 .
a n d  a 2 yp2 ^Y2 d i r e c t i o n  c o s i n e s  o f
d ir e c t io n s  w ith  a. b a n d  r - a x e s  o f  th e  c ry s ta l  o f  C u (  1 ) an d  C u ( 2  ‘ 
s i te s  re s p e c tiv e ly .
Table 1. Structural pururneier.s of copper malonutc dihydratc 
Space Group * phen
from the X-ray structural study [51 given by the followini.*
relations:
a = 14 86 A, b = 14 99 A. c = 1 2  65 A, Z =  8
C o-ord ination  around  C u (l) 
(Square b ipyram idal)
Cu( 1 )-0 ( 11) 1 95 A C u d ) 0(14) 1 94 A
r u f l ) - 0 ( 1 2 ) 1 95 A C u(l)-0 (15) 2 4! A
C ut 1 )0 (1 3 )  1 <^5 A C u(l)-0 (16) : 2 S1 A
C o-ord ination  a round  Cu(2) 
(Square pyram idal)
C u(2)-0(21) 1 93 A Cu(2)-0(24) ■ 1 92 A
C ti(2)-0(22) 1.92 A 
C u(2)-0(23) ; 1 93 A
Cu(2)-0(1 10) 1 V) A
V a lu e s  o f  ^ 1, , s o  d e r iv e d , a lo n g  w ith  th o s e  o f  aiu 
g^ a ie  sh o w n  in  T a b le  2.
Table 2. g values
Compound .c,
Copper malonatc dihydraic 2 I 1 211  2 27 2 d  ?
B. Linewidth :
T h e  o b s e r v e d  a n g u la r  v a ris itio n  o f  lin e w id th  in  (0 1 0 )  an d  (!<)') ' 
p la n e s  a re  s h o w n  in F ig u re  2. T h e  l in e w id th  v a r ie s  in  the  rani:». 
8 5 0 ^  1 1 7 0 e ,  h a v in g  m a x im u m  v a lu e  a lo n g  c ry s ta lio g rap ln ^
1 20
t
1 100
80
70
a b ;
!
1j
*
^  !
X  1
^  jjT ---
—
*
» J__ 1__ J-------------i,—1 „ ■ J--- 1 -J 1 t ■ .A. « « —*---
40 40
+ «A  + « r  .
where a 0  and y  are taken to be the mean direction cosines of 
direction with respect to a, b, c axes o f the crystal calculated
a Dial Reading In degrees
Figure 2. vs orientation in the (a) (010) and (b) (100) planes uf 
Copper tnalonate dihydnite ; ( • • )  Experimental points; Theoretical curves 
considering : (—-) dipolar and isotropic exchange interactions (< ’) dipf>l3r 
hyperfine and isotropic exchange interactions, (—*) dipolar, hyperfme. 
and anisotropic exchange interactions.
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L i n c s h a p e  is  L o r e n t z i a n .  a s  d e r i v e d  b y  a p p l y i n g  
nuiiT ia lization  te c h n iq u e  to  th e  o b s e rv e d  d e r iv a t iv e  s p e c tra  (6 |. 
rtiis is  tru e  f o r  a ll s p e c t r a  o b ta in e d  in  d i f f e re n t  d ir e c tio n s . S o  it 
IS s tra ig h tfo rw a rd  to  d e r iv e  h a l f  a m p litu d e  lin e w id th  fro m
o b s e r v e d  d e r i v a t i v e  l i n e w i d t h  u s i n g  th e  r e l a t i o n
MiyJAHpp  = > / 3 . T o  e v a l u a t e  th e  v a r i o u s  i n t e r a c t i o n s  
le s p o n s ib le  f o r  o b s e r v e d  a n is o t r o p ic  l in e w id th  in  d i f f e r e n t  
I ry s la l lo g ra p h ic  p la n e s  th e  f i t t in g  o f  th e  l in e w d ith  h a s  b e e n  
clone fo l lo w in g  th e  l i n e w d i th  e x p r e s s io n  o f  A n d e r s o n  a n d  
W eiss [7] a p p lic a b le  in  c a se  o f  th re e  d im e n s io n a l (3 D ) m a g n e tic
s o l i d s : '
( 3 |
!l ' i s  th e  u s u a l V an  V Ic c k  d ip o la r  s e c o n d  m o m e n t. H^  ^ is  th d  
c-xchangc f ie ld  w h ic h  is  g iv e n  by
W „ = [ 2 . 8 3 5 ( 5  +  l ) ] ' ' ' 7 / g j 3 ,  (4)
w here J  is ih c  H e is e n b e rg  e x c h a n g e  p a ra m e te r  a n d  g is g iv e n  by
^ g i C o s ^ e ^ g \  s i n ^ 0 . (5)
AH1/2 2 ( 7/ , . ,
ttherc IS g iv e n  b y  181
l i t  =  5( A^gl  c o s ' '  0  +  s in   ^ 0 )  /  4 j e ( 0 ) ..c 2
(6 )
(7)
J -  J„ c o s '  a  +  7 , s i n '  a , ( 8 )
w here a n d  7 ,^ a re  th e  e x c h a n g e  p a ra m e te r s  in th e  a an d  c 
d ire c tio n s  re s p e c tiv e ly  a n d  a  is  th e  a n g le  b e tw e e n  th e  a p p lie d  
m ag n e tic  f ie ld  a n d  o -d i r e c t io n .  T h e  o b s e rv e d  lin e w id th  d a ta  is  
then fitted  to  c q . (6 ) in  c o n ju n c tio n  w ith  cq . ( 8 ), w h e re  th e  crite r io n  
for th e  b e s t f i t  is  to  m in im iz e  th e  fu n c t io n
w h e re  itnd  a rc  th e  e x p e r im e n ta l  a n d  c a lc u la te d  
lin c w id th s  re s p e c tiv e ly . T h e  b es t f itte d  p a ra m e te rs  a ie  sh o w n  in 
T ab le  3. It is se e n  th a t th e  f i l l in g  is q u ite  e x c e lle n t. S im ila r  
a g re e m e n t in f illin g  lin ew 'id lh  a n is o tio p v  in ( KK)) p la n e  h as b een  
o b ta in e d  wdth a n is o tro p ic  H e is e n b e rg  e x c h a n g e . It is n o ted  tha t 
th e  v a lu e  o f  e x c h a n g e  p a ra m e te r  a lo n g  r> ax is  is  a b o u t 1 0  tim e s  
g re a te r  th a n  th a t a lo n g  a o r  /;-a x is . F ro m  th e  a b o v e  lin e w id th  
a n a ly s is ,  an  in te re s t in g  o b s e r v a t io n  e m e r g e s ,  th a t is , w h ile  
e x c h a n g e  is sm a ll , a n is o tro p y  in e x c h a n g e  is u n u su a lly  la rg e . 
S im ila r  b e h a v io u r  w a s  o b s e r v e d  in  (N H ^ ) ,C u C l^ .211^0 an d  
(N H ^ ) ,C u B r^ .2 H ,O |1 0 , 1 1 1 .
Table 3, values of ihc exchange parameters and hypcrfine
parameters
Compound
t'lxchange
parameters
cm '
Hypcrfine 
parameter.s 
X 10* cm '
Chopper inalonafe dihydrate 0.01 0 01 O i l 99 39
/ IS tak en  as  a  f i l l in g  p a ra m e te r . F ro m  F ig u re  2 it is e v id e n t th a t 
ihe lu t in g  o f  th e  e x p r e s s io n  (3 )  w ith  th e  o b s e r v e d  a n g u la r  
d cp ch d er.ee  o f  l in e w id th  is  v e ry  p o o r. In  o rd e r  to  se e  w h e th e r  
any im p ro v e m e n t in  f i l l in g  is a c h ie v e d , a d d it io n a l c o n tr ib u tio n  
Iroin h y p c r f in e  in te ra c t io n s  to w a rd s  th e  l in e w id th  is a lso  
c o n s id e re d .
In a b se n c e  o f  a  s u i ta b le  d ia m a g n e tic  is o m o rp h  o f  C M D H , 
h > pcrfinc  p a ra m e te r s  ( »  Aj^) c a n n o t  b e  e v a lu a te d . S o , h a s  
been e s t im a te d  u s in g  th e  v a lu e s  o f  Ah , A^ v a lu e s  o b ta in e d  in 
ilic c a se  o f  o c ta h e d ra l o x y g e n  c o o rd in a te d  C u ^ ^ : z in c  m a lo n a tc  
F ro m  F ig u re  2 , it is s e e n  th a t th e re  is so m e  im p ro v e m e n t in 
tile lu t in g  a f te r  in c lu s io n  o f  . B u t s ig n if ic a n t  d is p a r ity  s till 
ex is ts b e tw e e n  e x p e r im e n ta l  a n d  th e o re tic a l c u rv e s . H e ise n b e rg  
ex ch an g e  p a ra m e te r  J is  th e n  c o n s id e re d  to  b e  a n is o tro p ic . In  
F ) 1 0 ) p la n e , J is  a s s u m e d  to  h a v e  th e  fo rm
T h e  u n u su a lly  la rg e  a n is o tro p y  in  H e ise n b e rg  e x c h a n g e  m ay  
be a c c o u n te d  fo r by th e  fa c t th a t th e  e x c h a n g e  in te ra c tio n  a m o n g  
e q u iv a le n t an d  m e q u iv a lc n t c o p p e r  io n s  a lo n g  th e  r - a x is  w h ich  
a rc  re la tiv e ly  c lo s e ly  p la c e d  c o m p a re d  to  th o se  io n s  a lo n g  
o th e r  a x e s , is e x p e c te d  to  be  v e ry  la rg e  c o m p a re d  to  th a t a lo n g  
th e  o th e r  tw o  c ry s ta l  a x e s . It is  a ls o  m o s t  l ik e ly  th a t su c h  
a ira n g c m e n t o f  io n s m ay  lead  to  p h o n o n  in d u c e d  e x c h a n g e  
in te ra c t io n  1 1 2 ) d o m in a tin g  a lo n g  th e  r - a x is .
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